Relaxin is a member of the insulin family of polypeptide hormones and exerts its best understood actions in the mammalian reproductive system. Using a biologically active 32P-labeled human relaxin, we have previously shown by in vitro autoradiography specific relaxin binding sites in rat uterus, cervix, and brain tissues. Using the same approach, we describe here a detailed localization of human relaxin binding sites in the rat brain. Displaceable relaxin binding sites are distributed in discrete regions of the olfactory system, neocortex, hypothalamus, hippocampus, thalamus, amygdala, midbrain, and medulla of the male and female rat brain. Characterization of the relaxin binding sites in the subfornical organ and neocortex reveals a single class of high-affinity sites (Kd = 1.4 nM) in both regions. The binding of relaxin to two of the circumventricular organs (subfornical organ and organum vasculosum of the lamina terminalis) and the neurosecretory magnocellular hypothalamic nuclei (i.e., paraventricular and supraoptic nuclei) provides the anatomical and biochemical basis for emerging physiological evidence suggesting a central role for relaxin in the control of blood pressure and hormone release. We conclude that specific, high-affmity relaxin binding sites are present in discrete regions of the rat brain and that the distribution of some of these sites may be consistent with a role for relaxin in control of vascular volume and blood pressure.
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Relaxin belongs to the insulin family of polypeptide hormones and is best known for its biological activities on various parts ofthe mammalian reproductive system, notably elongation of the public ligament, inhibition of uterine contraction, and softening of the cervix (for reviews, see refs. 1 and 2). The effects of relaxin on nonreproductive tissues remain to be established (2) .
The biological actions of relaxin are probably mediated through specific receptors located on the target cells. Receptors for relaxin have previously been partially characterized in rat and porcine uterine and porcine cervical membranes by using 125I-labeled porcine relaxin (3) (4) (5) . Using a biologically active 32P-labeled human relaxin (32P-relaxin), we have shown by ligand autoradiography specific relaxin binding sites in rat uterus, cervix, and brain (6) . In this paper, we describe the localization and partial characterization of 32p-relaxin binding sites in the rat brain and discuss the physiological implications of these findings.
MATERIALS AND METHODS
Materials. Synthetic human relaxin was supplied by E. Rinderknecht (Genentech). It was active in the mouse pubic symphysis assay (7) and a cAMP bioassay (6, 8) . The concentration of relaxin was determined by amino acid analysis. Human insulin (Humulin) was obtained from Eli Lilly. Synthetic human angiotensin II and atrial natriuretic peptide were obtained from Sigma. Rat nerve growth factor was from Biomedical Technologies (Stoughton, MA).
Phosphorylation of Relaxin. Phosphorylation of relaxin with the catalytic subunit of cAMP-dependent protein kinase (from bovine heart muscle; Sigma) and [y-32P]ATP (specific activity, >5000 Ci/mmol; 1 Ci = 37 GBq; Amersham) and subsequent purification of the 32P-relaxin on Sep-Pak C18 cartridge (Waters) and cation-exchange HPLC (Poly CAT A, Poly LC, Columbia, MD) were as described (6) .
Binding of 32P-Relaxin to Rat Brain Tissue Sections. Tenweek-old normal male and cyclic female Sprague-Dawley rats (Charles River Breeding Laboratories) were housed for 1 week before being sacrificed by asphyxiation with CO2. The brains were frozen in powdered dry ice immediately after excision. Tissue cryosectioning and binding of 32P-relaxin to the tissue sections were performed as described (6) . Sets of three consecutive 16-gm coronal sections were collected at intervals of approximately 160-350 ,um throughout the entire extent of the brain. Binding regions were determined by overlaying the autoradiographs with adjacent sections counterstained with cresyl violet. For relaxin binding displacement experiments, consecutive coronal brain sections were incubated with 100 pM 32P-relaxin in the absence and presence of increasing concentrations (serial 3-fold increases) of unlabeled relaxin in the range of 0.1-100 nM. Pseudocolor reconstructions and quantitative analysis of 32P-relaxin binding autoradiographs were performed with a RAS-3000 image analysis system (Amersham). The ODs or radioactivities (cpm) of bound 32P-relaxin (maximum binding in a particular brain region) were quantified by computerized densitometry based on parallel sets of 32P-relaxin standards (ranging from 50 to 2000 cpm) blotted onto nitrocellulose membranes (Trans-Blot SF, Bio-Rad). The binding inhibition data were fit to a four-parameter equation to obtain the ED50 (concentration of unlabeled relaxin yielding 50% displacement of the binding of 32P-relaxin). The dissociation constant for relaxin (or the inhibition constant) was calculated by the method of Cheng and Prusoff (9) .
RESULTS
Distribution of 32P-Relaxin Binding Sites. 32P-relaxin binding sites were found in discrete regions of the female rat brain (Fig. 1) as listed in Table 1 . High concentrations of relaxin binding sites (OD > 0.2) were present in the frontal and parietal regions of neocortex ( Fig. 1 a and Table 1 for abbreviations. The binding of 100 pM 32P-relaxin to the SO (c), SFO (d), and NeoCx (neocortex) is displaced by 100 nM unlabeled relaxin (e), while 100 nM insulin (f) does not displace the 32P-relaxin binding to SO, SFO, and Pa. 1h), paracentral and central medial thalamic nucleus ( Fig.  lh) , infundibular stem, premammillary nucleus (Fig. 1i) , nucleus Darkschewitsch, interpeduncular nucleus, presubiculum and parasubiculum (Fig. 1j ), entorhinal cortex (Fig. 1j) , and cuneate nucleus. Low levels of binding (OD < 0.1) were found in the supraoptic nucleus (Fig. 1c) , arcuate hypothalamic nucleus (Fig. 1h) , centrolateral thalamic nucleus (Fig.  1h) , anterior pretectal nucleus (Fig. li) , posterior hypothalamic area (Fig. ii) , occipital neocortex (Fig. lj) 
DISCUSSION
In view of the fact that relaxin is best known as a pregnancyassociated hormone, our previous finding of relaxin binding sites in the rat brain (6) was unpredicted. In this paper, we show that human relaxin binds to discrete regions of the male and female rat brain. These findings suggest that relaxin may exert biological actions in the central nervous system and that at least some of these activities may be unrelated to the classical actions of relaxin (1, 2). Neurobiology: Osheroff and Phillips of neurons in the subfornical organ and OVLT to blood-borne proteins suggests an anatomical basis for potential central actions of relaxin on vascular volume or blood pressure.
Several physiological studies have suggested that relaxin might affect blood pressure, with somewhat conflicting results (12) (13) (14) (15) (16) (17) (18) . In studies with conscious, nonpregnant spontaneously hypertensive rats (12) , chronic intravenous infusion of relaxin caused a decrease in peripheral blood pressure. In anesthetized animals, the effects of relaxin ranged from a transient decrease in blood pressure (13) , to no effect (14) , to an increase in blood pressure (16, 17) following peripheral relaxin injection. Mumford et al. (18) further demonstrated that relaxin administered into the cerebral ventricles caused a pressor response and the release of vasopressin in rats, and that lesion of the subfornical organ negated the relaxin effect. The subfornical organ and in most cases OVLT possess receptors for a number of peptides including insulin (19) , insulin-like growth factor type 1 (20) , angiotensin (21, 22) , and atrial natriuretic peptide (23), and they have been suggested as mediators of the pressor actions of angiotensin and atrial natriuretic peptide (24) . Our finding of relaxin binding sites in the subfornical organ and OVLT suggests that relaxin may have a direct action on these sites to initiate events that result in the alteration of blood pressure. However, the present study did not detect any relaxin binding in the brainstem pressor centers, such as the nucleus of the tractus solitarius and area postrema, where binding sites for angiotensin 11 (22) and atrial natriuretic peptide (23) are present in high densities. It is possible that the pressor effect of relaxin may be in part mediated via the central angiotensin system, since it was shown that central infusion of a specific angiotensin II receptor antagonist blocked the effect of centrally administered relaxin (25) .
The presence of relaxin binding sites in the magnocellular paraventricular and supraoptic nuclei, both of which contain distinctive oxytocin and vasopressin immunoreactive cells (26) , suggests a possible role for relaxin in the control of oxytocin release. Summerlee et al. (27) first showed that intravenous injection or central administration of porcine relaxin to lactating rats significantly inhibited the reflex milk ejection. Subsequent studies (28, 29) showed that systemic administration of relaxin suppressed oxytocin release from the posterior pituitary of lactating rats. In vitro studies (30) also showed that relaxin modulated the secretion of oxytocin and vasopressin from isolated neural lobe of the pituitary. The effects of relaxin on reflex milk ejection might also be mediated, at least in part, by the subfornical organ, the lesion of which abolished the relaxin effect (31) . Our observation of relaxin binding to the subfornical organ provides evidence that oxytocin release may be altered by the action of relaxin at this site. However, the uneven concentrations of relaxin binding sites in the two magnocellular nuclei (lower in the supraoptic nucleus than in the paraventricular nucleus) seem to argue against a direct action of relaxin on these sites for oxytocin release.
The source of relaxin for the brain binding sites is unknown at the present time. One possibility is that peripheral relaxin acts on brain tissues in or near the circumventricular organs, which lack a blood-brain barrier to peptides. However, it is not clear whether relaxin acts directly on the magnocellular nuclei, which are the most highly vascularized parts of the hypothalamus and are more accessible to peptides in the periphery (26) . Although the highest circulating levels of relaxin are found during pregnancy (2), relaxin is also secreted during the normal luteal phase of the nonpregnant female and is measurable (30-150 pg/ml) in peripheral blood (32) . Serum relaxin levels have not been established in the male. However, immunoreactive and biologically active relaxin is present in human seminal plasma (average, 45 ng/ml) and the likely source is the prostate (33-35) . Alternatively, relaxin is synthesized in the central nervous system. In situ hybridization experiments to localize relaxin mRNA synthesis will likely provide answers to this latter possibility. Recent evidence has also shown that peptides and proteins, which traditionally were thought to be excluded by the blood-brain barrier, could enter the central nervous system by saturable and nonsaturable processes (36) (37) (38) . The 32p-relaxin can be used as a probe for blood-brain barrier studies.
We conclude that specific, high-affinity relaxin binding sites are present in a number of discrete regions of the male and female rat brain. The distribution of some of these sites is consistent with existing physiological evidence suggesting a role for relaxin in the regulation of blood pressure and fluid balance.
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